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Finally, I would like to acknowledge NSF and CCIS for funding this work. A red, non-destructive beam is used for part detection in the material. This combination provides both transmission (Scanning transmission microscopy [20] Optical communications has driven the need for complex optical circuitry to process the massive amounts of data traveling through our global networks. As the complexity of the required circuitry grows, optical integrated circuits have become an increasingly attractive alternative to traditional free space optics. In addition to decreasing the size of the system, optical integration increases reliability by fixing all elements in one structure, thereby decreasing the likelihood of alignment errors during both product manufacture and lifetime. Since the integrated circuit must inevitably interface to fiber; cheap, low-loss, stable fiber pigtailing techniques are essential for optical integration.
The most common and simplest method to actively align a fiber is to manually adjust precision stages using feedback from an optical power meter. After optimization, the fiber position is fixed with epoxy, solder, or laser welding. On a large scale, this method is labor intensive and prone to long term instability. Instead of fixing the fiber using epoxy, solder, or laser welding, miniature (9 mm) silicon mounts can be fabricated to hold specific elements and be similarly actively aligned to 0.1 μm accuracy [1] . Each fiber must be positioned correctly on the part, and each part must be aligned in six dimensions to assure low coupling losses. However, the silicon mounts must be fixed in place using epoxy, solder or laser welding, making this arrangement similarly unstable and labor intensive. Though smaller than traditional adjustment, this arrangement requires that many components be actively aligned in a manner similar to the macroscopic adjustment method.
Silicon v-grooves provide an alternative to active alignment of a set of fibers by providing a lithographically etched slot in which fibers may be placed. Many grooves can be placed on a single substrate, commonly spaced 250 μm apart, thereby reducing the need to align individual fibers [2] . The width of the groove etched into the crystallographic planes of a silicon wafer can be varied to provide the desired height of the fiber with respect to the substrate. Fibers are passively aligned by placing them into the grooves and securing with epoxy. Once secured, all the fibers are actively aligned to the optical circuit in one step, instead of each individually. To compensate for wicking, differential thermal expansion, and surface tension effects of the epoxy, 3 μm silicon nitride clips have been developed to increase alignment reliability [3] .
To further reduce alignment uncertainties, silicon v-grooves can be integrated onto a silicon optical bench (SiOB), combining fiber alignment structures and integrated waveguides onto a single chip. Separate etching steps are required to create Si or polymer ridge waveguides and the alignment grooves, so to maintain photolithographic precision, a protective layer of Si 3 N 4 must be deposited over the chip in which "windows" can be opened using reactive ion etching to enable the wet etching process in that area [4] . Fibers can then be passively placed into V-grooves that are photolithographically aligned to waveguides on a silicon integrated optical chip.
The application limitations here lie only in the limited versatility silicon offers as optical material. Tolerances of the v-groove alignment procedure are given by the angular alignment of the etch mask to the crystallographic planes; a 0.5˚ misalignment produces a 1 μm groove width error [4] . A transverse alignment error of 1 μm for a standard telecom fiber with a 10 μm mode field diameter at wavelength of 1.55 μm results in about 0.25 dB loss.
An entirely different approach to fiber pigtailing uses a selective wet etch process to produce male and female "connectors," allowing a fiber to be easily and accurately coupled [5] . The female end is made by placing a planar, buried, channel waveguide into a hydrofluoric acid (HF) bath to remove the core, while the male end is produced by submersing an optical fiber into the bath to remove the cladding. This plug and socket arrangement allows for passive alignment of the two cores and can potentially provide low coupling losses. However, tolerances and losses have not yet been reported.
Another possible solution to fiber pigtailing utilizes diffusion-mediated photopolymers, which are materials that increase index when exposed to sufficient light energy. Thin (120 μm) sheets of photopolymer waveguide arrays have been made by laminating a mask to the material and illuminating the mask. Slots for fiber insertion measuring 120 μm wide and 600 μm long are created by excimer-laser ablation, aligned to the polymer waveguides. Additional layers of polymer are placed above and below the waveguides, and an angle cleaved fiber is placed in the slot.
Liquid polymer is then added as an epoxy to fix the fiber in place [6, 7] . Within the tolerances of the multiple mask alignment steps, passive fiber coupling procedures similar to the v-groove with clips can be used. Coupling losses are reported to be typically near 0.5 dB, indicating a lateral misalignment error of 1.75 μm.
Thus far, all alignment procedures discussed have focused on accurately positioning a fiber to a previously fabricated waveguide. Self-written polymers demonstrate a fundamentally different approach, where the fiber is embedded into photopolymer and a waveguide is written using the output radiation of the fiber. This yields a waveguide that is intrinsically coupled to the fiber without the need of complicated alignment procedures. Index change of the polymer is strongest at the regions of intense illumination, creating a self-trapping effect similar to spatial optical solitons. The direction of the waveguide can be controlled by introducing an asymmetry across the transverse intensity profile of the focused writing beam [8] ;
however, no demonstration of this type of waveguide directional control from the output of a single mode fiber is reported in the literature.
Waveguide directional control can be achieved in polymer by introducing a second fiber aligned anti-parallel, but slightly offset, to the first. It has been shown that two fibers aligned on a common longitudinal axis, separated by 1 cm, can be coupled by counter-propagating self-writing beams in photopolymer with losses less than 1 dB [9, 10] . With this counter-propagating method, asymmetric transverse intensity profiles are not needed for directional control. The development of higher index at the points of intensity overlap will guide light from one emitting fiber to the other. This has been demonstrated with two fibers separated by 1 mm and transversely offset by 40 μm, resulting in a fiber-to-fiber coupling with 2 dB loss [11] .
The self-written waveguide method has a number of attractive features, including intrinsic alignment, robust encapsulation, and adhesion of the polymer material to silica. The combination of these attributes results in a well-aligned waveguide that is directly bonded to the fiber face and cladding. Deformation due to thermal or mechanical stress should not introduce displacement errors, as both the fiber and the waveguide move simultaneously. Encapsulation also provides a protective layer from dust and other contaminates that may cause increases in loss over time. These advantages obtain reliable performance in a hostile environment, potentially offering robust performance in harsh or uncontrolled environments.
Reference [12] has demonstrated a multi-mode wavelength division multiplexing communication module suitable for installation in a car, utilizing self-written waveguides to couple embedded, wavelength-selective filters to a multi-mode fiber.
This demonstrates that photopolymer is not limited to pigtailing fibers, but can be used as a robust medium for integrated optics.
Waveguide placement after fiber positioning, as demonstrated by self-written photopolymers, suggests an alternative approach to fiber pigtailing. Instead of trying to perfectly place a fiber directly in front of a previously fabricated waveguide, the fiber is passively embedded with loose tolerances, and the waveguide is positioned based on the fiber location. Unfortunately, the self-written waveguide process requires very precise control over illumination intensity to produce an invariant single mode guide. In addition, this process does not have the ability to develop waveguides with either an arbitrary path, or an arbitrary length.
This paper introduces a method to gain length and direction control by sacrificing the intrinsic alignment inherent in the self-writing technique in favor of a 3D maskless lithography platform. This platform controls the direction of the waveguide in 3D, while still maintaining the ability to locate and write a waveguide from the fixed tip of the fiber. This method offers the potential to connect any 3D
arranged components passively and accurately with low loss.
This paper first discusses the polymer system used in Chapter 2, then discusses the direct write lithographic optical system that incorporates two discrete detection microscopes in Chapter 3. The data collected from the microscopes is integrated into a fiber location algorithm, presented in Chapter 4. Results of the location algorithm and the complete photopolymer pigtailing device are shown in Chapter 5.
3D Diffusion-Mediated Photopolymers
The photopolymer properties are central to the proposed pigtailing method.
There are two distinct requirements; the polymer must be a high-quality encapsulation medium and simultaneously permit index change by optical exposure.
Although a number of volume diffusion-mediated polymer systems could potentially meet these goals [13, 14, 15] , most commercially available systems attempt to do so in a single polymer formulation, inevitably compromising on both. A more effective method to optimize these functions is to separate them into two cohabitating polymer systems, such as that used in InPhase Tapestry HDS3000. The material uses two, independently curable polymer systems, enabling separate optimization of physical properties and optical sensitivity.
The encapsulation polymer has the properties of good adhesion and low curing shrinkage, providing a stable structure for the photosensitive polymer to reside. It is designed to have high optical quality, be highly transparent, and have a curing procedure that is independent of the photosensitive polymer. Curing of this polymer is thermally initiated at room temperature producing a uniform matrix.
Nearly all polymers shrink upon polymerization as low molecular-weight monomer joins to form a high-molecular weight polymer chain. Fortunately, prior to curing, the material is liquid and can easily flow to fill spaces and holes created by polymerization driven shrinkage. However, as the monomers continue to bind to form very large polymer chains, the viscosity of the material increases to the point where it no longer flows to compensate for shrinkage. After this point, shrinkage can cause stress-induced birefringence or delamination from glass surfaces. Once cured, it maintains a fixed volume, limiting further shrinkage during curing of the writing stage polymer.
When embedding optical fibers into the Tapestry polymer, the low shrinkage produces a uniform optical environment surrounding the fiber, without signs of stress or delamination, or non-uniform scattering that would indicate such features. An embedded SMF28 optical fiber magnified in a phase microscope is shown in Figure   1 . Since the physical form of the structural polymer is like rubber, it can tolerate mechanical stress [16] . Heat can cause polymer expansion, but since the fiber is adhered to the polymer, it is expected to move and adjust with its expanding surroundings, maintaining stable alignment to any index features written in the photopolymer. Index structures in the photopolymer are created by illuminating the photosensitive initiator. The single-photon initiator excites monomers to bond with other nearby monomers, creating polymers. This polymerization depletes the local monomer density, inducing diffusion to equalize the local monomer density. The high molecular weight polymer molecules do not diffuse, and thus remain localized to the point of optical writing. The combination of the stationary polymer molecules and the redistribution of the monomer produce a local increase in density. This causes a local index increase, as material index is proportional to its density. The index increase is related to the power incident on the polymer system, which can be adjusted to produce a desired index contrast. An advantage of this system is the ability to produce index structures using low power CW lasers without the need for wet chemical or thermal processing steps.
Once all writing has occurred, the sample is "flood cured," where the entire sample is placed under uniform light. This forces uniform polymerization of the remaining monomer without creating a chemical gradient, and therefore no further index changes occur. This curing process renders the photopolymer insensitive to further illumination, as all monomer has been converted to polymer. It also bleaches out the initiator species, making the material fully transparent.
In summary, InPhase Tapestry HDS3000 is a material that responds with an increase of index to 3D patterned optical exposure, while being an effective encapsulant of optical fibers. In the next Chapter, I describe the 3D direct-write lithography platform used to create this optical exposure pattern that can write index features near embedded elements such as fibers.
3D Direct Write Lithography Platform
Control of the polymerization of the photosensitive monomer can be achieved through many writing techniques. Self-writing in photopolymer has been shown to achieve intrinsic alignment, but does not provide an effective means for control of the The InPhase Tapestry HDS3000 photopolymer used is designed for exposure at 532 nm, while it is significantly less sensitive in the longer red wavelengths, such as 633 nm. We therefore employ a two-color system, where the red laser is used for nondestructive detection and location purposes (reading), and the green laser is used to polymerize the material (writing). To achieve a tolerance similar to silicon vgrooves, the relative positioning tolerance between the writing and reading spots must be submicron. Aligning and collimating the beams to be collinear through the same objective lens maintains positional tolerances more reliably than using separate optical trains calibrated to submicron accuracy, as shown in Figure 2 .
Since both the reading and writing beams share the same objective lens, the objective and NA must be carefully chosen to maintain a diffraction-limited spot over the depth of the sample for both colors. The focusing objective used is a Geltech 350340 aspheric lens because it is designed specifically to focus 685 nm light through Low loss, efficient coupling to an optical fiber requires a circular waveguide.
Even with a diffraction limited spot, the waveguide produced by this lithographic system is elliptically shaped, due to the depth of focus of the objective lens at NA=0.32 being larger than its transverse spot size. A slit may be placed in the beam before the lens, oriented parallel to the transverse direction of writing such that the NA of the objective is significantly less in the perpendicular direction than that in the parallel direction [21] . This method may be employed to obtain a circular waveguide in photopolymer by significantly increasing the waist size. However, the primary focus of this paper is to demonstrate an accurate technique to locate an embedded fiber core and align a waveguide to that position, and thus will not discuss beam shaping.
With the photopolymer mounted on high precision 3D stages, this direct-write lithographic platform can write a waveguide with precise location, direction, and length to micron tolerances. The next section will discuss the two detection microscopes that provide the positional information necessary to align the waveguide to an embedded fiber.
4. Accurate 3D location of encapsulated subcomponents
Microscopes
To detect the optical fiber encapsulated in a volume of polymer, two detection techniques are required to derive the 3D coordinates of the tip of that fiber. A transmission microscope is used to acquire the transverse coordinates, and a confocal reflection microscope is used to acquire the longitudinal coordinates. Each will be discussed in turn.
Differential transmission microscopy detects transverse phase gradients at the focus of an objective by tracking the centroid shift of the beam after a Fourier transform lens. The index structure at the focus can be calculated by de-convolving the optical transfer function of the optical system from the output data collected.
Combined with a 3D raster scan system, the low spatial frequency phase profile of an entire volume can be reconstructed [22, 23] . Alternatively, the data collected can be directly analyzed and correlated to the response of embedded elements, such as a fiber.
This detection scheme is well adapted to the 3D direct-write lithography system, where the ability for accurate location of an embedded index structure specifically at the focus of an objective is crucial to the alignment of a polymer waveguide to a fiber. Since the detection is sensitive to transverse spatial frequencies that deflect the beam, resolution is strongest when detecting the transverse extent of the fiber, while the depth of the fiber in the polymer is acquired using the reflection microscope.
Confocal reflection microscopy complements differential transmission microscopy, as it is most sensitive to high spatial frequency index changes antiparallel to light propagation that efficiently reflect the beam. Fresnel reflections at boundaries are retroreflected back through the system to a beam splitter, where a lens focuses the reflections through a pinhole. Only reflections that occur at the focus can be correctly retroreflected, and thus are the only reflections detected. This leads to very precise depth-sectioning, with a resolution of 1.4λn/NA 2 = 14.8 μm in the system demonstrated here [24] .
This scanning technique allows for non-destructive axial data collection using a focused beam, ideally matched to our system and needs of detecting buried index structures in photopolymer. The combination of these two microscopes obtains both transverse and axial information, providing the necessary data to accurately locate fibers and align waveguides for optimal coupling.
Detection of encapsulated fibers
A beam incident on a fiber will be refracted by the curved shape of the fiber due to the index difference between the glass and polymer, and must be discussed before the detection algorithm is presented. The curved top surface of an SMF-28 fiber can be modeled as a cylindrical lens with a radius of 62.5 μm and cladding index of 1.531. When buried in polymer of index 1.481, the power of the modeled lens is Φ≈800 [1/m]. The lensing causes two effects: the focused green writing spot is perturbed by the refraction causing aberration, and the focused red detection spot is shifted axially. Both effects will be discussed in turn. This is comparable to the Rayleigh range of the writing beam and is thus a potentially serious aberration. However, an artifact of the material system used in this work leads to index features whose depth is much greater the Rayleigh range. Thus, we will ignore this focal shift since it has a negligible effect on the coupling efficiency in this work.
Since the lensing effect of the fiber is negligible, the fiber core location with respect to the stage coordinate system can be found directly from microscope data, without the need for additional adjustments. However, fiber location with micron accuracy tolerances requires an iterative approach with the two microscopes totaling four data collection sequences.
4.2.1
Step 1: Locate polymer extent in Z First, the boundaries of the polymer are found using the confocal detection system. In these experiments, the polymer is encased between two glass plates, and thus the confocal system detects the reflections from the polymer/glass boundary, as shown in Figure 4 . The part is translated in Z and the confocally-filtered intensity like that shown in Figure 4 is recorded. The two maxima correspond to the Z stage coordinates of the glass/polymer interfaces. These interfaces are the boundaries of the polymer, and are limits to the depth of the embedded fiber. 
4.2.3
Step 3: Locate fiber depth in Z Now that the transverse coordinates of the center of the fiber are known, the next step is to find the axial coordinates of the fiber. This is done by moving the part so that the focus is approximately centered on the core transversely, and is approximately 30 μm inside the polymer with respect to the front glass/polymer boundary, at position 1600 μm in the example shown in Figure 6 . This data collection step translates the stages in the negative Z direction, and the first two peaks encountered represent the front and back surfaces of the fiber, in this example at positions 1350 μm and 1250 μm in stage coordinates. To obtain any reflection signal from the fiber during the confocal scan, the fiber must be centered transversely on the focus to within r·sin(NA/n) = 12.4 μm, where r is the radius of the fiber, and NA is the numerical aperture of the focusing beam. Outside of this range, the reflections from the curved surface of the fiber are directed away from the objective lens and are not retroreflected back through the confocal system to the detector. Since the core is centered within the cladding, the calculated average of the two boundaries is stored in the program as the core depth position in stage coordinates. With this algorithm, it is possible to position the part so that the focus of the read beam is within a micron of the core of a fiber in both transverse and axial directions. To confirm that the focus is at the core of the fiber, the confocal microscope can be used. When aligned on the core of a fiber, a confocal scan should be able to measure a reflected signal from the index boundary between the core and cladding of the fiber. Similarly to the confocal cladding detection of the third step, reflections from the core will only occur within a small transverse range: r·sin(NA/n) = 0.43 μm. However, for this confocal reflection comparison data, the part is translated in the vertical (Y) dimension instead of the axial (Z) dimension. The confocal data collected during the second Y scan shows the fiber core is in this case at 2344 μm in stage coordinates, as shown in Figure 8 , which confirms the core position shown in Figure 7 . Automation of this four step algorithm yields an accurate, reliable system for locating embedded fibers in a photopolymer encapsulant to within 1 micron transverse tolerance. A perpendicularly written photopolymer waveguide can be coupled to the core of the fiber and drawn in 3D across an arbitrarily long path to an arbitrarily placed optical element, such as another fiber. Using this fiber detection system enables a fiber pigtailing device to be created out of a photopolymer matrix with low fiber placement tolerances, yet potentially high coupling efficiency, demonstrated in the next Chapter.
Experimental Demonstration
This Chapter demonstrates the implementation of a photopolymer based fiber pigtailing system. Two fibers are embedded in the photopolymer discussed in Chapter 2, and then the photopolymer sample is mounted on the direct write lithography platform discussed in Chapter 3, where the fiber locations are determined.
A photopolymer waveguide is coupled to the core of the embedded input fiber and routed in 3D to the second fiber embedded in the sample, representing an arbitrary optical element in the photopolymer.
The fabrication of the proposed photopolymer pigtail requires a direct write optical system that is well aligned and calibrated such that the green writing spot writes where the red detection spot reads. Determining the diffraction limited performance can be achieved by comparing the focused spot in the focal plane of the objective lens to an ideal Gaussian spot. This can be done using a standard knife scan test.
The process of finding the focal plane of the objective lens requires incremental knife scans in the axial (Z) dimension, creating a beam profile. This situation deviates from the standard method in that the knife must be embedded into the polymer to obtain an accurate measurement of the actual writing and reading spots produced by the green and red beams within the polymer. The minimum spot radius of the profile is the focal point. The data collected at this point can be compared to the diffraction-limited intensity profile.
In addition to characterizing the diffraction limited performance of the system, the position of the focus for both the red and green beams as a function of material depth can be used to characterize the longitudinal chromatic dispersion of the entire lithographic system, including the objective, glass cover, and polymer. This can be achieved by embedding a knife at various depths in polymer and using the incremental knife scan to find the difference in depth between the red and green foci.
Changes in this difference as a function of depth reveal the dispersion of the polymer.
To implement this test, I embedded a single razor blade at an angle in depth, so that one test sample can be used to characterize beam profiles at many material depths.
The results of the incremental knife scans at 7 depths between 100 μm and 280 μm of polymer showed that the optical system was aligned to within 10% of an ideal diffraction limited focus, and chromatic dispersion was consistently 30 μm, independent of depth. The consistent 30 μm focal shift agrees with ZEMAX ® ray tracing simulations based on a non-dispersing polymer and thus dispersion of the polymer is negligible. In addition, the beam profiles confirm that the red and green beams are coincidently aligned and near diffraction limited throughout the depth of the polymer.
Experimental Sample
As explained earlier, the foundation of the fiber to waveguide coupling procedure is to loosely position the fiber in the polymer, then to precisely and automatically align the polymer waveguide to the fiber. This section describes how the fiber is positioned in the polymer which is in turn cast into the external packaging including the glass windows for lithography and microscopy access.
In the standard butt-coupling method of fiber pigtailing, the 125 μm fiber cladding is held in a precision silicon V-groove directly at the fiber to waveguide interface, while a strain-relief connection to the plastic buffer is located at the package edge. In this experiment, only the strain relief is required. Its function during the packaging procedure is to position the stripped and cleaved fiber within the polymer during the curing of the matrix. As the matrix cures, it bonds to the cladding and permanently locates the fiber.
An inexpensive package that can be adapted for this purpose is made for mounting loose 35 mm slides. The product from Wess Mounts is shown in Figure 9 .
It consists of a 5 cm x 5 cm black plastic frame with a hinge (top) and clasp (bottom).
This frame holds two nominally 700 μm thick windows of glass approximately 460 μm apart. While the manufacturing tolerances of this part are not high, the lithography method does not require them.
To hold the fiber at the package edge, notches are carved into the frame using a razor blade. The 900 μm buffer is brought up to the plastic package and cyanoacrylate epoxy (super-glue) is used to fasten the buffer to the package. Ideally, the stripped and cleaved fiber within the package is suspended between the glass panes so that the liquid polymer will encapsulate it on all sides. Occasionally, when the slide mount is closed, the fiber is pressed against the back glass pane. While this leaves the polymer-encapsulated fiber laying on the back glass surface, it was shown earlier that the fiber location algorithm can still locate the fiber core in this extreme case.
Once the fiber is secured to the package frame, the liquid precursor of the InPhase Tapestry TM polymer is placed on one glass slide and the package is closed to fully encapsulate the fiber in polymer. The viscous liquid spreads to fill the entire region between the slides and flows around the fiber ends which extend several mm into the window region. Since the fiber must be completely encapsulated with no air bubbles or gaps, the liquid encapsulant must be de-gased to minimize waveguide inconsistencies. The sample is placed in a dry nitrogen environment (to reduce O 2 indiffusion) while the matrix thermally cures.
Multiple fibers are epoxied to the external frame and suspended in the polymer, as shown in Figure 9 . The input fibers on the left side are Thorlabs 630 nm single mode patch fibers with a 4.3 μm core diameter, while the output fibers are multi-mode fibers with a 62.5 μm core. Since beam shaping techniques are not used, the direct write polymer waveguide is highly elliptical and multi-mode in the axial direction. Thus, a single mode input fiber is coupled to the elliptical polymer waveguide, which is then coupled to a multi-mode output fiber. With this design, the output coupling loss is reduced due to the elliptically shaped polymer waveguide.
Thus, power measurements are representative of the coupling loss at the single mode fiber and waveguide loss. This demonstrates the fundamental location and waveguide placement technique presented here. With these fibers embedded and located somewhere in the polymer, the sample is then placed on the lithographic stage to be scanned and exposed. Misalignment was significantly decreased by automating the alignment procedure, as shown in Figure 11 and Figure 12 . In these examples, the transverse misalignment of the waveguide was approximately 3 μm at the input fiber, producing a minimum coupling loss of approximately 8.4 dB. Figure 11 is a DIC image with the brightfield sensitivity significantly increased, showing both the phase contrast of the fiber and written waveguide, but also the output light being coupled from the fiber to the polymer waveguide. This waveguide was written using 125 μW of power at the objective lens. Figure 12 is a differential scanning transmission microscope image of a waveguide written at 250 μW, showing the phase contrast of both the fiber and waveguide. The dark spot in the region of the fiber is a result of index writing in the photopolymer during stage acceleration. Since this large index feature only surrounds the fiber, the guided light is not affected. A macroscopic view of the coupling shown in Figure 11 is shown in Figure   13 . Also apparent in those figures is the ability to produce a waveguide that is accurately aligned to a loosely positioned embedded fiber. We estimate the accuracy of the positioning in these initial samples to be within 3 μm of the core. This could be improved by increasing the NA of the objective for higher resolution in both the transmission and reflection microscope. In addition, further development of the computer program incorporating servo locking could interpret the microscope signals with improved accuracy and interpolate between points leading to better than micron accuracy.
Circularizing the written waveguide structures through optical and chemical techniques are currently being investigated to improve the structure of the waveguide produced by the lithographic technique presented here. This is an integral part of producing a viable pigtailing procedure. However, the results presented here demonstrate the potential of a polymer pigtailing device that is compatible with many existing integrated optics platforms, as well as providing a possible platform for other integrated optical components.
Conclusion
This paper demonstrated an accurate pigtailing method that aligns a waveguide to a loosely positioned fiber embedded in photopolymer. A simple casting process of pouring photopolymer yields completely encapsulated fibers in a high optical quality material with good adhesion and low stress surrounding the embedded optical fiber. Two precise scanning microscopes were employed to accurately locate the embedded fiber tip in three dimensions. A light induced polymer waveguide was written, aligned to the tip of the fiber without the need for precise positioning of the fiber.
Results show high optical quality surrounding the fiber enabling waveguides to be written up to an embedded fiber. To within our ability to detect, the guides were unperturbed, even when the cone of writing light was partially intercepted by the fiber end. Positioning in 3D was achieved using an automated location and writing program, demonstrating an estimated positioning error of 3 μm. In this experiment, light was coupled from a single-mode input fiber, across 3 cm and 3
dimensions, into a positionally offset multi-mode output fiber.
A key advantage of direct-write lithography platform is its flexibility, since a mask does not need to be fabricated. This "maskless" lithography is therefore compatible with low production volumes where mask fabrication is inefficient in terms of cost and time. This fits most optical circuit markets today. In addition, the polymer structure can embed a variety of optical components, opening avenues to more complex optical circuitry in the future.
An adapted version of the location procedure demonstrated here is expected to be extensible to most optical elements anticipated to be included in a hybrid integrated optical circuit. Telecommunications optical circuits require passive elements such as beam splitters, Faraday rotators, thin-film filters, anisotropic or photorefractive crystals, while also requiring active elements such as laser diodes.
Each of these elements can be embedded in the photopolymer and interconnected with polymer waveguides. Further, the photopolymer creates index changes due to incident light, and can therefore support the creation of phase holograms enabling holographic optical elements (HOEs) to be part of the polymer optic toolkit. Since photopolymer can integrate a diverse set of optical elements, and each of these elements can be interconnected without the need of complex alignment procedures, it is an ideal material for integrated optics. Photopolymer provides a means to decrease optical circuit size and cost while simultaneously increasing reliability.
